The differential expression of the critical cell cycle control proteins cyclin D1 and c-myc has been shown to result in Akt-dependent hypersensitivity of tumor cells to mTOR inhibitors. We have previously demonstrated that the differential utilization of internal ribosome entry sites within the mRNAs of these transcripts allows maintenance of protein synthesis in the face of rapamycin (rapa) exposure in an Akt-dependent manner. Here, we demonstrate that in addition to this mechanism, cyclin D1 and c-myc mRNA stability is also coordinately regulated following rapa treatment depending on Akt activity status. We identify A/U-rich response elements within the 3 0 untranslated regions (UTRs) of these transcripts, which confer the observed differential stabilities and show that the RNA-binding protein, tristetraprolin (TTP), interacts with these elements. We also present evidence that TTP accumulates in response to rapa exposure, binds to the cis-acting elements within the cyclin D1 and c-myc 3 0 UTRs and is differentially serine phosphorylated in an Akt-dependent manner. Furthermore, the differential phosphorylation status of TTP results in its sequestration by 14-3-3 proteins in quiescent Akt-containing cells. Finally, siRNA-mediated knockdown of TTP expression or inhibiting a known regulator of TTP phosphorylation, p38 MAP kinase, abolishes the effects on cyclin D1 and c-myc mRNA stability. We assume that the differential control of cyclin D1 and c-myc mRNA stability and translational efficiency constitutes a coordinate response to rapa contributing to the maintenance of expression of these determinants in rapa-resistant quiescent Aktcontaining cells following exposure.
Introduction
The mammalian target of rapamycin, mTOR, is a Ser/ Thr kinase belonging to the PtdIns3K-related family of kinases and exists as two distinct complexes. The mTOR-GbL-raptor complex integrates signals regulating cell growth whereas the mTOR-GbL-rictor complex seems to regulate cell cycle-dependent cytoskeleton assembly (Guertin and Sabatini, 2005) . The raptor containing TOR complex is sensitive to the macrolide rapamycin (rapa) and regulates cap-dependent mRNA translation initiation and ribosomal component biogenesis, (Easton and Houghton, 2004; Fingar and Blenis, 2004; Abraham, 2005) whereas data demonstrate that the mTOR-GbL-rictor complex is insensitive to rapa (Dos et al., 2004) . Activation of the mTOR-GbL-raptor branch results in phosphorylation of the p70 S6 ribosomal kinase and the eIF-4E-binding protein 4E-BP1. Phosphorylation of the latter protein results in liberation of 4E-BP1 from eIF-4E and allows the formation of functional eIF-4F translation initiation complexes (Hay and Sonenberg, 2004; Richter and Sonenberg, 2005) . As a result of a gain-of-function effect, rapa or its ester analogs CCI-779 and RAD001 binds to the small prolyl-isomerase FKBP-12 forming a complex that binds mTOR and inhibits kinase activity (Kim and Sabatini, 2004) . The inhibition of mTOR by these agents typically induces G 1 cell cycle arrest, but can also result in the activation of apoptosis in some tumor cell lines, particularly those of hematopoeitic origin (Houghton and Huang, 2004) .
Recently, we and others have found that tumors whose Akt kinase activity is elevated as a result of gene amplification or phosphatase and tensin homolog deleted on chromosome 10 (PTEN) tumor-suppressor gene mutations are exquisitely sensitive to mTOR inhibitors, whereas tumors with quiescent Akt activity are relatively resistant (Neshat et al., 2001; Podsypanina et al., 2001; Shi et al., 2002) . Moreover, this differential sensitivity can be explained, in part, by the ability to regulate the mode of translation initiation of the critical cell cycle proteins cyclin D1 and c-myc (Gera et al., 2004; Shi et al., 2005) . Continued translation initiation of these determinants in the face of mTOR inhibitor exposure is sufficient to protect cells from G 1 arrest (Gera et al., 2004) . However, our studies also suggest additional coordinate mechanisms of Akt-dependent cyclin D1 and c-myc expression in response to rapa about which little is understood.
The cytoplasmic amounts and availability of mRNAs for translation is a function of their rates of synthesis and degradation (Shim and Karin, 2002; Meyer et al., 2004) . The regulation of mRNA stability is therefore a critical means of modulating gene expression and is known to be intimately linked to translational efficiency (Jacobson and Peltz, 1996) . Control of mRNA stability is known to be regulated by cis-acting sequences within the 5 0 or 3 0 untranslated regions (UTRs) or, in some cases, within the coding region. The most well-studied examples of these regulatory elements are the adenosine/ uridine-rich elements (AREs) within the 3 0 UTRs of cell cycle regulators, oncogenes and cytokine mRNAs containing several copies of the AUUUA motif (Chen and Shyu, 1995) . The regulation of mRNA stability is mediated by the interaction of trans-acting factors (A/ U-binding proteins, AUBPs) with AREs, which are capable of recruiting the mRNA degradation machinery (Wilusz and Wilusz, 2004) . Known ARE-binding regulators of mRNA turnover include AUF1 (DeMaria and Brewer, 1996) , HuR (Peng et al., 1998) , tristetraprolin (TTP) (Blackshear, 2002) and BRF1 (Stoecklin et al., 2002) , whose activities have been demonstrated to be regulated by phosphomodulation (Wilson et al., 2003; Chrestensen et al., 2004; Schmidlin et al., 2004; Wang et al., 2004) .
In this report, we describe the Akt-dependent differential regulation of cyclin D1 and c-myc mRNA turnover following exposure to rapa. In cells containing active Akt, rapa treatment results in a significant decrease in cyclin D1 and c-myc mRNA half-lives, whereas in cells containing relatively quiescent Akt activity, these transcripts are stabilized. Through the analysis of chimeric reporter mRNAs containing serial deletions of the 3 0 UTRs of both cyclin D1 and c-myc, we identified elements mediating the differential effects on stability. Moreover, we show that the mRNA destabilizing protein TTP binds to regions within the cyclin D1 and c-myc 3 0 UTRs and is differentially serinephosphorylated in quiescent versus active Akt-containing cells. Additionally, we demonstrate that 14-3-3 proteins differentially sequester phosphorylated TTP in an Akt-dependent manner following rapa exposure. Finally, we demonstrate that siRNA-mediated knockdown of TTP or pretreatment with a specific inhibitor of p38 MAP kinase, which regulates TTP activity, abolishes the observed changes in cyclin D1 and c-myc mRNA stability.
Results
Cyclin D1 and c-myc mRNA stability is differentially regulated by Akt activity in response to mammalian target of rapamycin inhibition The cell lines we utilized are paired isogenic lines that differ in relative Akt activity levels. The glioblastoma U87-MG cell line contains a PTEN-null mutation resulting in heightened Akt activity. We stably transfected U87-MG with a wild-type PTEN construct to generate a line which had markedly downregulated AKT activity (Gera et al., 2004) . Similarly, the LAPC-4 puro prostate cancer cell line, with relatively quiescent AKT activity, was stably transfected with a myristylated AKT allele (or empty vector control; pBabe Puro ). The differential AKT/mTOR activation of these lines has been described (Neshat et al., 2001; Gera et al., 2004) . We also examined murine embryonic fibroblasts (MEFs) in which the PTEN gene had been disrupted (Wang et al., 2003) and as a result, the AKT activity in these MEFs is significantly higher as than in PTEN þ / þ MEFs (Stiles et al., 2002; Wang et al., 2003) . Our previous studies (Gera et al., 2004 ) demonstrated marked differences in the translational efficiencies and steady-state mRNA levels of cyclin D1 and c-myc transcripts in these cell lines following mTOR inhibitor exposure. As translational control and mRNA stability are known to be intimately related (Jacobson and Peltz, 1996) and in order to study these effects more directly, we performed standard actinomycin D (ActD)-chase analysis to determine if alterations in the mRNA stabilities of cyclin D1 and c-myc in response to rapa also occurred. We investigated whether these transcripts exhibited changes in mRNA turnover rates, following exposure to rapa in the three paired cell lines. The lines were treated with rapa and then transcription, was blocked by the addition of actinomycin D. Total RNA was subsequently harvested at various time points and cyclin D1 and c-myc mRNA half-lives were examined by Northern analysis. As shown in Figure 1 , the mRNA half-lives for both cyclin D1 and c-myc were markedly decreased relative to the resting constitutive t 1/2 s (cyclin D1 t 1/2 B5 h, c-myc t 1/2 B20 min) in the high Aktcontaining cell lines, following exposure to rapa. However, in the relatively quiescent Akt cell lines (U87 PTEN , LAPC-4 puro , PTEN þ / þ MEFs), the half-lives of the cyclin D1 and c-myc mRNAs were significantly increased following rapa treatment as compared to the half-lives of these transcripts in untreated cells. For example, in the PTEN À/À MEFs, cyclin D1 mRNA halflife decreased from over 7 h before rapa exposure to approximately 1 h following rapa treatment. Similarly, c-myc mRNA half-life decreased from approximately 20 min to less than 10 min in PTEN À/À MEFs exposed to rapa. However, in PTEN þ / þ MEFs containing relatively quiescent Akt activity, identical exposures to rapa resulted in the stabilization of cyclin D1 and c-myc mRNAs from a half-life of approximately 5 h to greater than 7 h and from 20 min to greater than 1 h, respectively (see Table 1 ).
A/U-rich elements within the 3 0 untranslated regions of the cyclin D1 and c-myc mRNAs modulate their stabilities in an Akt-dependent manner, following rapamycin exposure Both the cyclin D1 and c-myc mRNAs are regulated at the level of stability by AREs containing AUUUA motifs located within their 3 0 UTR (Ross, 1995; Lin et al., 2000) . In addition, a coding region determinant (CRD) has also been identified, which functions as an instability determinant within the c-myc open reading frame (ORF) (Lemm and Ross, 2002) . To determine whether elements within the 3 0 UTRs of cyclin D1 or c-myc were responsible for the Akt-dependent effects on transcript stability following rapa exposure, we utilized a series of chimeric mRNAs in which the Figure 1 Akt-dependent changes in cyclin D1 and c-myc mRNA stability following exposure to rapamycin (rapa). Actinomycin Dchase analysis of cyclin D1 and c-myc mRNA levels in the absence or presence of rapa as indicated. Band intensities were quantified by densitometry and results are displayed graphically to the right of the Northern blots. Experiments were repeated three times and a typical result is shown. The results for all time points are the mean and s.d. of the three experiments. Half-life data are summarized in Table 1 . Figure 1 .
TTP regulates cyclin D1 and c-myc mRNA stability M Marderosian et al luciferase-coding region was fused to either portions of the cyclin D1 or c-myc 3 0 UTRs (Figure 2 ). These constructs were transiently transfected into either U87 or U87 PTEN cells and mRNA half-lives were determined by standard actinomycin D-chase analysis in the presence or absence of rapa. As shown in Figure 2 , fusion of the cyclin D1 3 0 UTR to the luciferase-coding region resulted in a transcript with a half-life comparable to wild-type cyclin D1 mRNA (t 1/2 B5 h) and demonstrated Akt-dependent alterations in turnover in response to rapa. However, deletion of the AUUUA motifs (lucD13 0 UTR/2403) resulted in a marked destabilization of the resulting mRNA with a half-life of approximately 3.1 h. This mRNA also did not demonstrate Akt-dependent changes in half-life following exposure to rapa, suggesting that these sequences were required for the observed effects. A second construct which truncated the cyclin D1 3 0 UTR at nucleotide 2838, in which five AUUUA motifs were maintained, exhibited an mRNA half-life very similar to the native cyclin D1 transcript and displayed Akt-dependent changes in stability following rapa exposure. Previous experiments had implicated a region in the cyclin D1 3 0 UTR spanning nucleotides 1712-2101 in the destabilization of cyclin D1 mRNA, following exposure to prostaglandin A 2 . To test whether this region was also involved in the changes in Akt-dependent mRNA stability following rapa exposure, we determined the half-life of an mRNA containing these sequences fused to the luciferase-coding region (pGL3-k12). This mRNA exhibited a half-life of approximately 1.5 h and did not change in response to rapa treatment. This suggested that these sequences were not responsible for the changes in mRNA stability we had observed and pointed to a distinct mechanism in the regulation of cyclin D1 mRNA turnover in response to rapa. We then fused nucleotides 2404-2836 to the luciferase-coding region (lucD13 0 UTR/AREc5) and determined the halflife of this mRNA in response to rapa in the U87 and U87 PTEN cell lines. As shown in Figure 2 , this mRNA exhibited a half-life, again very similar to the cyclin D1 mRNA and demonstrated the Akt-dependent alterations in stability previously observed.
We also conducted a similar analysis of the c-myc 3 0 UTR in an attempt to identify sequences capable of mediating the Akt-dependent effects on mRNA stability following rapa exposure. As shown in Figure 2 , we fused the c-myc 3 0 UTR to the luciferase-coding region and introduced the c-myc CRD in frame into the C-terminal half of the luciferase ORF (Bernstein et al., 1992) . This mRNA exhibited a half-life of 20 min (wt c-myc t 1/2 B20 min) in the absence of rapa in both the active and the quiescent Akt-containing cell lines U87 and U87 PTEN , respectively. However, the half-life was altered dramatically in response to rapa, as previously observed for the native c-myc mRNA. Removal of the cmyc CRD resulted in a marked stabilization of the resulting mRNA from 20 to 40 min, but did not effect the Akt-dependent differential changes in turnover rates. This suggested that the CRD did not seem to play a role in the alteration of mRNA stability following rapa exposure and the effects were most likely due to elements within the 3 0 UTR. We then deleted nucleotides 2321-2528 containing four AUUUA motifs within the c-myc 3 0 UTR to generate construct lucmyc3 0 UTR/ AREc7. The mRNA from this construct was also markedly stabilized in the absence of rapa as compared to the RNA containing the c-myc CRD and full-length 3 0 UTR (lucmyc3 0 UTR/CRDFL). This transcript also did not exhibit any alterations in stability following rapa TTP regulates cyclin D1 and c-myc mRNA stability M Marderosian et al exposure, suggesting the sequences deleted from the 3 0 UTR were involved in mediating the effects on turnover. We then fused these sequences to the luciferase-coding region to generate construct lucmyc3 0 UTR/AREc4. The mRNA from this construct was also significantly stabilized in the absence of rapa as compared to the lucmyc3 0 UTR/CRDFL transcript, but importantly demonstrated Akt-dependent differential changes in stability following rapa exposure. This confirmed that the 208 nucleotide sequence containing the four AUUUA motifs was involved in the differential effects on c-myc mRNA stability.
To analyse which AUUUA motifs present within the cyclin D1 and c-myc previously identified 3 0 UTR sequences were required for the observed effects on mRNA stability, we generated a second series of luciferase fusion constructs shown in Figure 3 . The 208 nucleotide cyclin D1 3 0 UTR segment containing five AUUUA motifs (lucD13 0 UTR/AREc5) was truncated from the 3 0 end at position 2726 removing two distal AUUUA motifs (lucD1 322 ). The transcript from this construct when introduced into the U87 and U87 PTEN cell lines exhibited a half-life of approximately 5 h and was markedly affected by rapa exposure. The half-life of the lucD1 322 mRNA decreased to 1.1 h in U87 cells treated with rapa, whereas in the quiescent Akt containing cells U87 PTEN , the mRNA was significantly stabilized exhibiting a half-life of greater than 7 h (Figure 3 ). Further truncation of the sequence from the 3 0 end to nucleotide 2613, removing two additional AUUUA motifs (lucD1 209 ) resulted in an mRNA that exhibited a half-life of approximately 1 h and did not change in response to rapa in an Akt-dependent manner. Deletion of nucleotides 2404-2505 from the cyclin D1 3 0 UTR within construct lucD1 322 resulted in an mRNA containing only 220 nucleotides of the cyclin D1 3 0 UTR fused to luciferase (lucD1 220 ). This RNA exhibited Akt-dependent half-lives comparable to the wild-type cyclin D1 transcript before and following rapa exposure, suggesting that this region was required for the observed effects. Further truncation from the 5 0 end resulted in construct lucD1 138 . The transcript from this construct did not decay in an Akt-dependent manner and had a half-life of approximately 2.5 h. We then Figure 3 Akt-dependent changes in mRNA turnover are due to short ARE-containing regions within the cyclin D1 and c-myc 3 0 untranslated regions (UTRs). The indicated chimeric mRNAs were transfected into either U87 or U87 PTEN cell lines and half-lives determined in the presence or absence of rapamycin (rapa) as before (Figures 1 and 2) . Asterisks denote AUUUA motifs. Half-lives are the mean and s.d. of three independent experiments. tested whether this deleted region was sufficient to confer the observed effects on mRNA stability on its own by generating construct lucD1 82 . This RNA also did not demonstrate the previously observed Aktdependent effects on mRNA stability; thus, this suggested that the entire 220 region was required for the observed effects. Similarly, additional truncations of the previously identified region of the c-myc 3 0 UTR were constructed to further map the boundaries of the cis-acting sequences required to observe changes in mRNA turnover rates (Figure 3 ). Lucmyc 115 was generated, which encompassed nucleotides 2330-2435 of the c-myc 3 0 UTR fused to luciferase, further truncating the 3 0 end of the 220 nucleotide span from construct lucmyc3 0 UTR/AREc4. The mRNA from this construct contained only three AREs from the c-myc 3 0 UTR and exhibited a half-life of 0.6 h before rapa exposure and still demonstrated Akt-dependent changes in stability following rapa treatment. We then truncated an additional 44 nucleotides from the 3 0 end of the lucmyc 115 construct to generate lucmyc 71 . When tested, this mRNA was significantly stabilized as compared to the previous constructs and did not demonstrate Aktdependent changes in stability. An additional truncation from the 5 0 end of construct lucmyc 115 also significantly stabilized the resulting mRNA and abrogated the effects on stability following rapa exposure. We then tested whether the 44 nucleotide sequences truncated from the 3 0 end from lucmyc 115 alone would effect the rapainduced Akt-dependent effects on mRNA stability. RNA from construct lucmyc 44 did not demonstrate any Akt-dependent changes in half-life and exhibited a half-life comparable to RNAs from lucmyc 71 and lucmyc 89 , suggesting a region spanning nucleotides 2302-2435 was required for the observed effects. Taken together, this analysis suggested that a 220 nucleotide region from the cyclin D1 and a 115 nucleotide region from the c-myc UTRs were responsible for the observed changes in mRNA stability that these transcripts demonstrated following rapa exposure.
We further investigated whether the three clustered AUUUA motifs in both the cyclin D1 and c-myc 3 0 UTR sequences were involved in the changes in mRNA stability. To do this, we generated a series of constructs in which these sequences were mutated and the resultant mRNA half-lives were determined in U87 and U87 PTEN cells following rapa exposure. As shown in Figure 4 , each of the AUUUA motifs were successively mutated to CUUUC in the indicated constructs. The mRNA from the LucD1 220 2AU construct exhibited a half-life of B4.5 h and demonstrated Akt-dependent changes in stability upon rapa exposure. However, mutating two AUUUA motifs resulted in an mRNA (lucD1 220 1AU) that demonstrated a significantly reduced ability to alter mRNA stability in an Akt-dependent manner upon rapa exposure. Mutating all three of the AUUUA motifs (lucD1 220 0AU) abolished the effects on mRNA turnover. Similar results were obtained when we mutated the three clustered AUUUA motifs in the c-myc 3 0 UTR we had previously identified. Mutating one AUUUA motif had little effect on the Akt-dependent changes in mRNA stability; however, mutating two or all three abolished the effects on mRNA stability. These data suggested that at least two of the three clustered AUUUA motifs in the cyclin D1 and c-myc 3 0 UTRs were required for the observed changes in stability for these transcripts. Figure 4 Akt-dependent changes in mRNA stability require intact AUUUA motifs. The three clustered AUUUA motifs in constructs lucD1 220 and lucmyc 115 were mutated by replacing the AUUUA motifs (*) with CUUUC sequences (^) as indicated. This modification has also been shown to inhibit tristetraprolin (TTP) binding (Lai et al., 2005) . The constructs were transfected into either U87 or U87 PTEN cells and mRNA half-lives determined in the presence or absence of rapamycin (rapa). Half-lives are the mean and s.d. of three independent experiments. TTP regulates cyclin D1 and c-myc mRNA stability M Marderosian et al TTP is induced upon rapamycin exposure, binds A/U response elements within the cyclin D1 and c-myc 3 0 UTRs and is differentially phosphorylated To determine whether known ARE-binding proteins play a role in the Akt-dependent alterations of cyclin D1 and c-myc mRNA stability, we determined whether HuR, AUF1, BRF1 or TTP was induced by rapa and/or interacted with the previously identified 3 0 UTR sequences. Our previous microarray experiments showed that TTP was induced by rapa exposure (Gera et al., 2004) and this was confirmed by Western analysis in U87 and U87 PTEN transfectants following exposure to rapa (Figure 5a ). Treatment with rapa resulted in highlevel expression of TTP within 24 h of exposure, which was comparable in active or quiescent Akt-containing cells. We next determined whether TTP could interact with the cis-acting regions of the cyclin D1 and c-myc 3 0 UTRs we had previously identified. In electrophoretic mobility shift analysis (Figure 5b ), radiolabled in vitro synthesized RNAs corresponding to either the 115 nucleotide c-myc (left panel) or 220 nucleotide cyclin D1 (right panel) 3 0 UTR elements were allowed to bind extracts of U87, U87 PTEN , LAPC-4 AKT or LAPC-4 puro cells before and following rapa exposure. These binding reactions were then immunoprecipitated with anti-TTP antibody or an irrelevant control antibody (anti-JNK). As shown, anti-TTP antibody supershifted TTP-containing complexes in rapa-treated extracts from either active or quiescent Akt-containing cells. Experiments using antibodies against either AUF1, BRF1 or HuR Figure 5 Expression, 3 0 untranslated regions (UTR)-binding and Akt-dependent differential phosphorylation of tristetraprolin (TTP) in cells following exposure to rapamycin (rapa). (a) Kinetics of TTP accumulation following rapa exposure. U87 and U87 PTEN cells were exposed to 10 nM rapa for the indicated time points, cells harvested and lysates subjected to Western analysis for TTP levels using the CARP-3 antibody (Brooks et al., 2002) . (b) TTP binds to cyclin D1 and c-myc 3 0 UTR RNAs. Cytoplasmic extracts (15 mg) from U87, U87 PTEN , LAPC-4 AKT or LAPC-4 puro cells treated with or without rapa were allowed to bind radiolabled RNA corresponding to the region of cyclin D1 3 0 UTR in lucD1 220 (left panel) or radiolabled RNA corresponding to the region of c-myc 3 0 UTR in lucmyc 115 (right panel). Binding reactions were then incubated with an irrelevant antibody (a-JNK) or the CARP-3 antibody. Supershifted TTPcontaining complexes were analysed by EMSA through 7% native polyacrylamide gels as described in Materials and methods. Gels were dried and visualized with a PhosphorImager. Solid arrow indicates cyclin D1 RNA-TTP complexes; dashed arrow indicates c-myc RNA-TTP complexes. Asterisks indicate position of supershifted complexes. (c) Phosphorylation status of TTP is dependent on Akt activity following rapa exposure. Lysates from U87, U87 PTEN , LAPC-4 AKT or LAPC-4 puro cells incubated in the presence or absence of rapa were immunoprecipitated using the CARP-3 antibody and subjected to Western analysis with a-phosphoserine antibody. The membrane was subsequently stripped and reprobed for total TTP. Arrows show different phosphor-TTP species. All experiments were repeated three times with similar results.
TTP regulates cyclin D1 and c-myc mRNA stability M Marderosian et al did not demonstrate specific binding nor any changes in expression upon rapa exposure (data not shown). Moreover, the specificity of the TTP-cyclin D1 or c-myc 3 0 UTR interactions was analysed by competing with a known inhibitor of complex formation. Consistent with the findings of others (Mahtani et al., 2001) , poly(U) effectively inhibited TTP-RNA complex formation, whereas poly(A), poly(C) or poly(G) did not (poly(C) and poly(G) competitions not shown). Therefore, in common with other RNA elements known to bind TTP, the U-rich regions within the 115 nucleotide c-myc and 220 nucleotide cyclin 3 0 UTRs specifically bound to TTP (Mahtani et al., 2001) . These data suggested that TTP was induced by rapa in the paired cell lines with similar kinetics and that this destabilizing ARE-binding protein was bound to the 3 0 UTRs of cyclin D1 and c-myc mRNAs. As TTP is known to be regulated by phosphorylation, specifically at serines 52 and 178 (Chrestensen et al., 2004) and this modification subsequently inhibits its destabilizing effects , we tested whether immunoprecipitated TTP was differentially serine phosphorylated in extracts from the indicated cell lines in Figure 5c . Immunoprecipitated TTP from active or quiescent Akt-containing cells before or following rapa exposure was transferred to membranes and probed with antiphosphoserine-specific antibodies. As shown, only TTP immunoprecipitated from cells containing quiescent Akt activity reacted strongly with the phosphoserine antibody. This suggested that TTP in these cells was differentially inactivated via serine phosphorylation.
TTP:14-3-3 complexes differentially accumulate in quiescent Akt-containing cells following rapamycin exposure Upon serine phosphorylation, TTP associates with 14-3-3 proteins and this complex formation blocks the association of TTP with stress granules (SGs) and inhibits the decay of ARE-containing transcripts (Chrestensen et al., 2004; Stoecklin et al., 2004) . To directly test whether the differential serine phosphorylation of TTP in quiescent Akt-containing cells resulted in 14-3-3 complex formation following rapa exposure, we tested whether anti-TTP antibodies could co-immunoprecipitate 14-3-3 proteins from extracts of active or quiescent Akt-containing cells following rapa exposure. Shown in Figure 6 , extracts from U87 versus U87 PTEN cells before and following rapa exposure were immunoprecipitated with antibody against TTP and subjected to Western analysis for 14-3-3 proteins. As can be seen, only extracts from the quiescent Akt-containing U87 PTEN transfectants contained TTP:14-3-3 complexes. Preimmunoprecipitated material was also analysed for TTP and 14-3-3 expression and again showed induction of TTP by rapa (as in Figure 5a ) and constitutive expression of 14-3-3 proteins whose levels were not affected by rapa exposure or PTEN/Akt status. These data suggest that TTP:14-3-3 protein complexes are differentially present in quiescent Akt-containing cells.
Knockdown of TTP abrogates the Akt-dependent differential effects of rapamycin on cyclin D1 and c-myc mRNA turnover To directly determine whether TTP was required for the regulation of cyclin D1 and c-myc mRNA stability observed following rapa exposure, we utilized RNA interference (Elbashir et al., 2001) . Transfection of siRNAs directed at TTP prevented the accumulation of rapa-induced mRNA and protein levels markedly (Figure 7a and b) . Tristetraprolin protein levels were reduced by greater than 95%, whereas TTP mRNA was undetectable by Northern analysis, similar to the knockdown achieved by Jing et al. (2005) . The specificity of the knockdown was demonstrated by the inability of the siRNA directed at TTP to alter actin protein levels or effect 28S rRNA content. A scrambled nontargeting siRNA control also had no effect on TTP, actin or 28S rRNA expression. U87 and U87 PTEN cells were transfected with scrambled nontargeting siRNA or siRNA directed at TTP and exposed to rapa. Subsequently, cyclin D1 and c-myc mRNA half-lives were determined by ActD-chase as before and summarized in Figure 7c . As expected, cyclin D1 and c-myc mRNA half-lives were significantly reduced by exposure to rapa in U87 cells (cyclin D1 t 1/2 ; -rapa>5.0 h; þ rapa 2.1 h; c-myc t 1/2 ; Àrapa 0.3 h; þ rapa 0.1 h), whereas in the quiescent AKT-containing U87 PTEN cells, their respective half-lives were substantially increased (cyclin D1 t 1/2 ; Àrapa >5.0 h; þ rapa >7.0 h; c-myc t 1/2 ; Àrapa 0.3 h; þ rapa 1.5 h). Similar results were obtained when the control scrambled nontargeting siRNA was used. However, in cells transfected with the TTP siRNA, cyclin D1 and c-myc mRNA half-lives were not significantly altered by rapa as compared to control values. Additionally, to demonstrate that the AREmediated decay of our constructs was dependent on TTP regulates cyclin D1 and c-myc mRNA stability M Marderosian et al TTP, we determined the half-lives of the lucD1 220 , lucD1 220 0AU, lucmyc 115 and lucmyc 115 0AU mRNAs in U87 and U87 PTEN cells following TTP knockdown and exposure to rapa. As can be seen, constructs containing the AREs (lucD1 220 , lucmyc 115 ) exhibited half-lives similar to their wild-type counterparts in the presence of TTP (also Figure 3c) and also did not demonstrate the previously observed alterations in stability under conditions of TTP knockdown. In an analogous fashion, those mRNAs in which the AUUUA motifs had been mutated (lucD1 220 0AU, lucmyc 115 0AU) did not demonstrate alterations in mRNA stability in the presence of TTP. These data demonstrated that TTP was required for the Akt-dependent effects on cyclin D1 and c-myc mRNA turnover following rapa exposure.
p38 MAP kinase activity is required for Akt-dependent stabilization of cyclin D1 and c-myc mRNAs in cells with quiescent Akt activity following rapamycin treatment As TTP phosphorylation is known to be mediated by MAPK-activated protein kinase 2 (MK2), a kinase that is phosphorylated and activated by p38 MAP kinase (Mahtani et al., 2001) , we were interested in determining whether pharmacological inhibition of p38 would abrogate the effects of rapa on the Akt-dependent alterations in cyclin D1 and c-myc mRNA stability. In addition, our previous data demonstrated that p38 activity is markedly elevated in quiescent Akt-containing cells (Shi et al., 2005) . Thus, we initially determined whether p38 activity could be effectively inhibited in U87 and U87 PTEN cells by SB203580. As determined by an in vitro kinase assay of immunoprecipitated p38 by TTP regulates cyclin D1 and c-myc mRNA stability M Marderosian et al using recombinant MK2 as a substrate, shown in Figure 8a , that treatment with 25 mM SB203580 reduced p38 activity to undetectable levels, following 2 h of exposure in either cell line. Moreover, treatment with SB203580 inhibited MK2-mediated phosphorylation of TTP, whereas having no effect on Akt activity ( Figure 8a ). As can also be seen, p38/MK2 activity is markedly elevated in quiescent Akt-containing cells (U87 PTEN ) as compared to active Akt-containing cells (U87), consistent with our previous results demonstrating reduced p38 activity in PTEN-deficient MEFs (Shi et al., 2005) . Rapamycin also had no effect on p38, MK2 TTP regulates cyclin D1 and c-myc mRNA stability M Marderosian et al or Akt activity. SB203580 also markedly inhibited serine phosphorylation of TTP in either U87 or U87 PTEN cells as detected by antiphosphoserine immunoblotting (Figure 7b ). We then pretreated U87 and U87 PTEN cells with SB203580 and then assessed the effects on cyclin D1 and c-myc mRNA stability following rapa exposure as before (Figure 1 ). As shown in Figure 7c , treatment of the active Akt-containing U87 cells with rapa resulted in either a coordinate destabilization of both cyclin D1 (cyclin D1 t 1/2 ; Àrapa >5.0 h; þ rapa 2.8 h) and c-myc (c-myc t 1/2 ; Àrapa 0.3 h; þ rapa 0.1 h) messages, while in the quiescent Akt background, cyclin D1 mRNA remained stable (cyclin D1 t 1/2 ; Àor þ rapa >5.0 h.) and c-myc mRNA was stabilized (c-myc t 1/2 ; Àrapa 0.1 h; þ rapa 1.3 h) as observed previously. However, when U87 or U87 PTEN cells were treated in combination with both SB203580 and rapa, cyclin D1 and c-myc transcripts were both destabilized in either the active or quiescent Akt setting. The half-lives of cyclin D1 and c-myc mRNAs are summarized in Figure 7c . As can be seen, the half-life of cyclin D1 mRNA decreased from >5.0 to 2.0 h and 2.2 h in U87 and U87 PTEN cells respectively, following exposure to SB203580 and rapa. Similarly, c-myc mRNA half-life was also reduced from approximately 20-10 min in the presence of both inhibitors, irrespective of Akt activity. These data suggest that p38 MAP kinase activity is required for the Akt-dependent differential affects of rapa on cyclin D1 and c-myc mRNA turnover rates.
Discussion
Our previous studies suggested that in addition to the Akt-dependent translational control exerted on cyclin D1 and c-myc expression in response to rapa exposure, other coordinately regulated mechanisms may participate as well in the overall control of expression of theses two determinants (Gera et al., 2004; Shi et al., 2005) . In this report, we demonstrate that cyclin D1 and c-myc mRNA stability is also modulated by rapa in an Aktdependent manner. This differential mRNA stability is controlled via the function of the mRNA destabilizing AUBP, TTP, and its ability to interact with AREs within the 3 0 UTR of the cyclin D1 and c-myc transcripts (see Figure 9 ). However, TTP is known to destabilize and interact with several mRNAs containing AREs within their 3 0 UTRs (Blackshear, 2002; Kedersha and Anderson, 2002) ; to our knowledge, this is the first report of the ability of TTP to interact with these transcripts. Our data also support the notion that TTP is functionally sequestered by 14-3-3 proteins preferentially in quiescent Akt-containing cells, most likely as a result of phosphorylation via p38/MK2 cascade activity. Furthermore, we demonstrate that inhibition of TTP expression or p38 activity is sufficient to abrogate the Akt-dependent alterations of cyclin D1 and c-myc mRNA stability following rapa treatment. These results in conjunction with our previous data support the hypothesis that in response to rapa, Akt-dependent regulation of translation control and mRNA stability play major roles in controlling the overall levels of expression of cyclin D1 and c-myc, resulting in either G 1 arrest or intrinsic resistance of the tumor cell.
The identification of the AUBPs, BRF1 and BRF2 (Stoecklin et al., 2002) and the recent report of their regulation by Akt (Schmidlin et al., 2004) functionally links Akt activity to the control of mRNA stability. The mRNA-destabilizing activity of BRF1 has been shown to be inhibited by phosphorylation on serine 92 by Akt (Schmidlin et al., 2004) . This modification creates a binding site for 14-3-3 proteins and sequesters the A/Ucontaining mRNA from the cellular decay-promoting machinery (Schmidlin et al., 2004; Stoecklin et al., 2004) . Our data also support a role for TTP in stabilizing ARE-containing transcripts under conditions of quiescent Akt activity (Figures 7c and 8) . Whereas TTP and BRF1 are TIS11 family members, it is interesting to note that the highly conserved Akt consensus phosphorylation site present in human, mouse and Xenopus leavis BRF1 is absent in TTP, particularly in that these two closely related proteins have considerable homologies throughout other regions (Schmidlin et al., 2004) . The Figure 9 Control of cyclin D1 and c-myc mRNA stability by tristetraprolin (TTP) in response to rapamycin (rapa). In this model, p38 MAP kinase activation by rapa is inhibited in tumor cells whose Akt activity is elevated. Akt is known to negatively regulate p38 signaling (Gratton et al., 2001; Liao and Hung, 2003) . TTP binds to elements located within the 3 0 untranslated regions (UTRs) of the cyclin D1 and c-myc mRNAs and facilitates recruitment of the ARE decay machinery leading to message destabilization. In contrast, cells with relatively quiescent levels of Akt, rapa exposure results in activation of p38 MAP kinase, serine phosphorylation of TTP, subsequent 14-3-3 protein binding and cyclin D1 and c-myc mRNA stabilization.
inability of Akt to regulate TTP would be consistent with our results in that we observe TTP-mediated cyclin D1 and c-myc mRNA turnover in cells containing active Akt following rapa exposure (Figure 1 ). In that TTP has been found to be sequestered upon phosphorylation by p38/MK2 signaling and analogously BRF1 sequestered by Akt activity, it is possible that the ability of these two AUBPs to interact with particular ARE-containing transcripts dictates those mRNAs that are subject to their regulation under specific signaling conditions. Several reports support the observations that activation of the p38 cascade serves to stabilize AREcontaining transcripts (Han et al., 2002; Dean et al., 2003 Dean et al., , 2004 . This would also be in agreement with our work demonstrating increased cyclin D1 and c-myc mRNA stability in quiescent Akt-containing cells following rapa exposure. These cells have elevated p38 activity as compared to their counterparts containing relatively high levels of Akt activity (Shi et al., 2005) . Studies utilizing the TNF mRNA have demonstrated that p38 activity is antagonistic to ARE-directed deadenylation and subsequent decay of the mRNA body (Dean et al., 2003) . By inhibiting deadenylation, p38 signaling may additionally promote mRNA translation by maintaining a transient 'closed-loop' structure optimized for active translation. The poly(A) tail interacts with the 5 0 end of the mRNA via proteinprotein interactions to synergistically increase translation by possibly facilitating ribosome recycling on the transcript (Jacobson and Peltz, 1996; Kahvejian et al., 2001) . Thus, although our previous studies also support a role of the cyclin D1 and c-myc 5 0 UTRs in regulating translation in response to rapa, it is possible that the control of deadenylation may also contribute to translational control.
In our deletion analysis of the chimeric cyclin D1 3 0 UTR mRNAs, we observed that removal of specific AUUUA motifs resulted in transcripts that were significantly destabilized as compared to those that contained these motifs (i.e. Figure 2 , lucD13 0 UTR/2403 compared to lucD13 0 UTR/4.2FL). It may be expected that removal of these elements would result in a transcript with increased stability; thus, these data imply that other non-AUUUA regions of the cyclin D1 3 0 UTR may be involved in the overall steady-state turnover of these chimeric mRNAs. However, we cannot rule out the possibility that these sequences do contain other destabilizing elements involved in the 3 0 UTR-mediated turnover of the cyclin D1 message, a more likely explanation may be that in the context of the resulting chimeric mRNAs we observe that these messages decay with a half-life similar to that of the luciferase mRNA itself (t 1/2 B2 h) and thus suggesting that these non-AUUUA sequences may not be involved in the decay process. We also found that TTP expression was markedly upregulated by rapa exposure irrespective of Akt activity. This is consistent with TTP's role in regulating mRNA stability during stress. Several AUBPs are known to rapidly associate with mammalian SGs following the induction of lethal stress such as heat shock, UV radiation, osmotic shock, ER stress and viral infection . Stress granules are discrete cytoplasmic foci where translationally incompetent mRNPs accumulate following stressinduced reprogramming of mRNA translation . In particular, TTP has recently been shown to associate with SGs upon energy starvation following exposure to the mitochondrial inhibitor FCCP, a potent inducer of SGs . As mTOR has been demonstrated to be an ATP sensor (Dennis et al., 2001 ) and inhibition of mTOR is known to mimic a starvation response (Peng et al., 2002) , we speculate that rapa may also initiate the formation of SGs concomitant with the induction TTP. 14-3-3 proteins, by interacting with phosphoserine residues, are associated with a large number of protein partners and thus influence a wide range of cellular functions (Hermeking, 2003; Dougherty and Morrison, 2004) . We found that constitutive 14-3-3 protein levels were unaffected following rapa exposure ( Figure 6 ). This suggests that 14-3-4 translation is maintained under conditions of reduced eIF-4F complex formation and may by subject to translational control by a capindependent mechanism. Experiments are currently in progress to address both of these possibilities.
Our data also suggest that the ability of tumor cells to coordinately regulate the mRNA stability and translation of cyclin D1/c-myc constitutes a mechanism of cellular resistance to mTOR inhibitors depending on the Akt status of the cell. Furthermore, our previous experiments (Gera et al., 2004) also suggest that these determinants may be regulated in an Akt-dependent manner at the transcriptional level as well, following exposure to rapa (manuscript in preparation). Many other mRNAs have also demonstrated similar coordinating regulation of transcriptional and post-transcriptional processes in response to various stimuli (Wilusz and Wilusz, 2004) . Indeed, TTP expression has recently been shown to be coordinately regulated following induction by lipopolysaccharide (LPS) with changes occurring in transcription, mRNA stability and translation (Brooks et al., 2004) . Further understanding of the mechanisms that control the overall Akt-dependent expression of cyclin D1/c-myc may facilitate the identification of potential targets that operate in a synthetically lethal manner with mTOR inhibitors.
Materials and methods
Cell culture, constructs, treatments and transfections U87, U87 PTEN , PTEN þ / þ and PTEN À/À MEFs were all grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. LAPC-4 AKT and LAPC-4 puro were grown in Iscove's modified Dulbecco's medium (IMDM) supplemented with FCS, glutamine, penicillin and streptomycin as described above. . For the luciferase-c-myc 3 0 UTR fusion constructs, initially the entire c-myc 3 0 UTR was amplified from IMAGE clone 2985844 and again inserted into the XbaI site of pGL3 to generate plasmid lucmyc3 0 UTR/FL. To create lucmyc3 0 UTR/CRDFL, lucmyc3 0 UTR/FL was cut with Ppu-MI within the C-terminal half of the luciferase ORF (position 1458 in pGL3-promoter), the resulting 5 0 overhang filled in with Klenow and the c-myc-coding region determinant (CRD, accession # X66258) inserted in-frame into the luciferase ORF. To create lucmyc3 0 UTR/AREc7, lucmyc3 0 UTR/AREc4, lucmyc 115 , lucmyc 71 and lucmyc 89 primers were used to amplify the indicated c-myc 3 0 UTR sequences and were cloned into pGL3-promoter. For lucmyc 44 , oligonucleotides corresponding to the indicated c-myc 3 0 UTR sequences were annealed and ligated into pGL3-promoter. Mutagenesis was performed using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) with the appropriate mutagenic primers according to the manufacturer. All plasmids were sequenced to verify the constructs and information regarding primer sequences is available upon request. Rapamycin (Calbiochem, San Diego, CA, USA) treatments consisted of 24 h exposures at 10 nM following transfection of plasmids using FuGENE 6 transfection reagent as directed by the manufacturer (Roche, Indianapolis, IN, USA). siRNA transfections targeting TTP were performed using synthetic oligonucleotides (Dharmacon, Lafayette, CO, USA) using the sequence 5 0 -gttgtggatgaagtggcagcg-3 0 within the functional strand as in Jing et al. (2005) . A siRNA with a scrambled sequence was used as a negative-targeting control. Treatments including SB203580 (Calbiochem) were performed by preincubating cells for 2 h at 25 mM followed by rapa exposure and subsequent Actinomycin-D (Sigma, St Louis, MO, USA, 5 mg/ml)-chase analysis as described .
Northern and Western blot analysis
Northern analysis was performed as previously described (Shi et al., 2005) . An antisense RNA probe directed against the luciferase-coding region was used to detect the various luciferase 3 0 UTR fusion mRNAs. Probes directed against cyclin D1, c-myc and 28S rRNAs were all polymerase chain reaction (PCR) probes (Gera et al., 2004) . For Western analysis, lysates were prepared as previously described (Gera et al., 2004) and size-fractionated by Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto membranes. Antibodies against the following proteins were used: a-TTP (CARP-3) obtained from Dr William Rigby (Dartmouth University) (Brooks et al., 2002) . Antibodies against HuR, AUF1, 14-3-3b and actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). a-BRF1 antibody was obtained from Orbigen (San Diego, CA, USA) and a-phosphoserine antibody was obtained from Biosource International (Camarillo, CA, USA). Proteins were visualized using ECL Plus (Amersham, Piscataway, NJ, USA) and quantified either by densitometry or by a phosphorImager. All values were normalized to 28S rRNA and half-lives determined following plotting decay rates on a logarithmic scale.
RNA protein binding and supershift analysis
The analysis of complexes forming with radiolabeled RNAs, binding reactions and native gel electrophoresis was performed as described . For supershift assays, the indicated antibodies were incubated with cell lysates for 1 h at 41C before the addition of labeled RNA and all subsequent procedures were as described . Antibodies used were those described above, except for a-JNK, which was from Cell Signaling (Beverly, MA, USA).
Immunoprecipitation and in vitro kinase assays Immunoprecipitation and kinase assays were performed as described in Shi et al. (2005) , except p38, and MK2 and Akt kinase activities were assayed using glutathione S-transferase (GST)-MK2 (Biomol International, Plymouth Meeting, PA, USA), GST-TTP (kind gift from Dr Andrew Clark, Imperial College, London) and GST-GSK-3b (Biomol, International, Plymouth Meeting, PA, USA), respectively as substrates in 32 P-ATP-containing reactions followed by Western analysis using a GST-specific antibody (Cell Signaling). Total p38 and Akt levels were determined using specific antibodies from Cell Signaling. Anti-MK2 kinase antibody was obtained from Rockland Immunochemicals (Gilbertsville, PA, USA). TTP:14-3-3 complexes were immunoprecipitated from 250 mg aliquots of lysates from cells treated as described in the text after incubation with the CARP-3 antibody and subjected to Western analysis for total TTP levels and 14-3-3 protein.
Abbreviations
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